Rationale Nicotine and ethanol are commonly coabused drugs, and nicotine-laced ethanol products are growing in popularity. However, little is known about time-course changes in extracellular nicotine and cotinine levels in rat models of ethanol and nicotine coabuse. Objectives The objective of the present study was to determine the time-course changes in brain levels of nicotine and cotinine following subcutaneous (SC) and intragastric (IG) nicotine administration in alcohol-preferring (P) and Wistar rats. Methods In vivo microdialysis was used to collect dialysate samples from the nucleus accumbens shell (NACsh) for nicotine and cotinine determinations, following SC administration of (-)-nicotine (0.18, 0.35, and 0.70 mg/kg) in female P and Wistar rats or IG administration of (-)-nicotine (0.35 and 0.70 mg/kg) in 15 % (v/v) ethanol or water in female P rats. Results SC nicotine produced nicotine and cotinine dialysate levels as high as 51 and 14 ng/ml, respectively. IG administration of 15 % EtOH+0.70 mg/kg nicotine in P rats resulted in maximal nicotine and cotinine dialysate levels of 19 and 14 ng/ml, respectively, whereas administration of 0.70 mg/kg nicotine in water resulted in maximal nicotine and cotinine levels of 21 and 25 ng/ml, respectively. Nicotine and cotinine levels were detectable within the first 15 and 45 min, respectively, after IG administration. Conclusions Overall, the results of this study suggest that nicotine is rapidly adsorbed and produces relevant extracellular brain concentrations of nicotine and its pharmacologically active metabolite, cotinine. The persisting high brain concentrations of cotinine may contribute to nicotine addiction.
Introduction
Although many studies have examined the metabolism of nicotine in the periphery (Kyerematen and Vesell 1991; Gorrod and Wahren 1993; Gorrod and Jacobs 1999) , few studies have examined the levels of nicotine and its metabolites in the brain following peripheral nicotine administration. Examining the profile of nicotine metabolites in the brain is important because of their potential to produce neuropharmacological effects. In addition, blood levels of nicotine and cotinine may not accurately reflect brain levels, especially after repeated nicotine administration regimens (Ghosheh et al. 1999) .
The major nicotine metabolite, cotinine, is found in the brain of mice and cats after intravenous nicotine administration (Applegren et al. 1962; Deutsch et al. 1992) . It has also been demonstrated that cotinine resides in the brain six times longer than nicotine after peripheral administration (Ghosheh et al. 1999) . In addition to cotinine, other nicotine metabolites are found in the brain after peripheral nicotine administration (Schmiterlöw et al. 1967; Peterson et al. 1984; Crooks et al. 1995) . Cotinine has been shown to be pharmacologically active. For example, cotinine increases urinary 5-hydroxyindole acetic acid in smokers and increases serotonin turnover in the rat brain (Essman 1973) . Furthermore, cotinine administration to abstinent smokers attenuated the desire to smoke and decreased irritability, restlessness, anxiety, tension, and insomnia associated with nicotine abstinence (Benowitz and Jacob 1993; Keenan et al. 1994 ).
Innate differences in nicotine metabolism may be responsible for differential behavioral and/or neurochemical responses to nicotine. However, the Alko alcohol (AA) and Alko non-alcohol (ANA) rat lines, selectively bred for differences in voluntary ethanol consumption (Eriksson 1968 (Eriksson , 1969 , displayed identical plasma nicotine concentrations after subcutaneous (SC) nicotine administration (Kiianmaa et al. 2000) . In contrast, nicotine and cotinine levels were higher in the blood of Lewis compared to Fisher rats at 15 min postintravenous injection. However, brain nicotine levels were statistically similar between the Lewis and Fisher rat strains (Sziraki et al. 2001) .
A recent binge ethanol-nicotine coabuse model produced pharmacologically relevant blood levels of both drugs following oral consumption (Hauser et al. 2012) . Oral intake of nicotine is on the increase in the USA with the introduction of nicotine-containing products specifically designed for oral intake. Some notable examples of these products include nicotine-laced water, nicotine-infused fruit drinks (Platinum Products), beer brewed with tobacco, nicotine energy drinks, as well as candy-like oral nicotine products. Therefore, it would be important to have a better understanding of the time-course changes of nicotine levels in the brain following the oral route of administration. Nicotine is subject to firstpass metabolism resulting in removal of approximately 70 % of the drug from the blood as it passes through the liver (Matta et al. 2007) . Therefore, only 30 % of orally or systemically administered nicotine can be expected to reach the circulation, with the other 70 % being metabolized primarily to cotinine. Thus, when conducting research where nicotine is given orally or systemically, it is important to consider first-pass metabolism and its effect on the relative exposure to nicotine, as well as the resultant effects of accumulating cotinine levels (Matta et al. 2007; Benowitz et al. 1990 ). Few, if any, studies have examined the time-course of in vivo concentrations of nicotine and cotinine in the brain after oral nicotine administration.
The objectives of the present study were to determine the time-course changes in the brain levels of nicotine and cotinine following (1) SC nicotine administration in P and Wistar rats and (2) intragastric (IG) administration of nicotine, with or without ethanol in P rats.
Methods

Animals
Adult, drug-naïve, female alcohol-preferring P rats, from the 69th generation, and Wistar rats (Harlan, Indianapolis, IN) weighing 270-370 g at time of surgery were used for the SC nicotine experiment. For the IG experiment, adult, drug naïve, female P rats, from the 69th, 70th, and 71st generations, weighing 280-370 g at time of surgery were used. Rats were housed in temperature-and humidity-controlled rooms maintained on a reversed 12-h light cycle (lights on at 9:00 p.m.). Food and water were available ad libitum. Female rats were used because these rats maintain their head size better than male rats for more accurate stereotaxic placements. Wistar rats were used as the outbred progenitor strain to compare with the selected P line, to establish the dose effects in the SC experiments, and to include a strain used in previous nicotine work. Since P rats drink ethanol and nicotine solutions and are currently being used to study oral ethanol/nicotine coabuse (Hauser et al. 2012) , they were used in the IG nicotine/ nicotine+ethanol experiments. All protocols were approved by the Institutional Animal Care and Use Committee of Indiana University School of Medicine. All experiments were conducted in accordance with the principles of laboratory animal care as outlined in the Guide for the Care and Use of Laboratory Animals (National Research Council 1996) .
Nicotine administration
Separate groups of female P and Wistar rats were used for each dose of (-)-nicotine (0.18, 0.35, and 0.70 mg/kg; free base) administered subcutaneously. Nicotine was dissolved in sterile saline (0.9 %), and the pH was adjusted to 7.2-7.4 prior to injection. The volume per unit body weight of the nicotine solution administered subcutaneously was 1.0 ml/kg. The SC administration is a typical route of administration for systemic nicotine treatment in animal models, so it was important to determine if there were any differences in time-course nicotine levels in the brain between strains using this route of administration.
Separate groups of female P rats were used for each IG administered dose of (-)-nicotine: (0.35 or 0.70 mg/kg) in 15 % (v/v) ethanol or 0.70 mg/kg nicotine in water. The concentration of the nicotine in all IG solutions administered was 0.05 mg/ml. The volume per unit body weight administered IG was 7.0 ml/kg for the 0.35 mg/kg and 14.0 ml/kg for the 0.70 mg/kg nicotine treatments. A curved stainless steel gavage needle was used to administer all IG solutions.
In vitro probe recovery An in vitro probe recovery experiment was performed to determine the percent relative recoveries of nicotine and cotinine. Two probes with an active membrane length of 2 mm were immersed in a beaker containing three different concentrations of nicotine and cotinine (0, 50, 150, and 200 ng/ml; free base) in artificial cerebrospinal fluid (aCSF) at 20 to 21°C, while solutions were constantly stirred. Four dialysate samples were collected every 15 min at a flow rate of 2.0 μl/ min for each of the three nicotine and cotinine concentrations given in ascending order.
In vivo microdialysis
Stereotaxic surgery for insertion of guide cannulae and probes followed the procedure described previously (Ding et al. 2009 ). Briefly, guide cannulae were stereotaxically implanted 3.0 mm above the nucleus accumbens shell subregion (NACsh) [AP + 1.2 mm, ML +2.3 mm, DV −5.4 mm], according to the brain atlas of Paxinos and Watson (1998) . The NACsh was targeted as it is a component of the mesolimbic dopamine system, is thought to be involved in both ethanol and nicotine reward, and may be a key site in mediating their coabuse (Lee and Messing 2011) . Stylets were inserted into the cannula when no experiments were being conducted. Rats were allowed to recover from surgery for at least 5 days before testing.
Loop-style dialysis probes with active membrane length 2.0 mm were inserted into the NACsh (Engleman et al. 2004; Perry and Fuller 1992) . Perfusion of probes started on the microdialysis day approximately 16-18 h after probe insertion, as previously described (Ding et al. 2009 ). On microdialysis day, rats were placed into Plexiglas chambers and connected to a Harvard pump with PE20 tubing; aCSF (140.0 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl 2 , 2.0 mM Na 2 HPO 4 , 1.0 mM MgCl 2 , pH 7.2-7.4) was perfused through the probes at a rate of 2.0 μl/min. Baseline samples were collected following a 90-min washout period. Samples were collected at 15-min intervals and were frozen immediately on dry ice before being stored at −70°C. For SC and IG experiments, samples were collected 5 to 125 min and 15 to 195 min, respectively, postinjection.
At the end of each experiment, rats were euthanized and 1 % bromophenol blue was perfused through probes in the NACsh. Brains were removed quickly and frozen immediately on dry ice and stored at −20°C. Sections (40 μm) were sliced on a cryostat microtome and stained with cresyl violet for verification of probe placement with reference to the rat brain atlas of Paxinos and Watson (1998) . Probes were mainly located in the NACsh (at least 75 % of the active membrane). Approximately 85 % of rats had correct placements and were included in the analysis.
Nicotine and cotinine analysis
All chemicals and reagents were purchased from SigmaAldrich, St. Louis, MO, USA, except acetonitrile, which was purchased from Fisher Scientific, Fairlawn, NJ, USA. Triethylamine and acetonitrile were HPLC grade.
Dialysates (15 μl/sample) were analyzed to determine nicotine and cotinine concentrations using high-performance liquid chromatography with ultraviolet detection. Separation was performed on a Zorbax SB-C8 column (2.1×100 mm, 3.5 um; Agilent Technology). The mobile phase contained 15 % (v/v) acetonitrile in phosphate-citrate buffer (30 mM K 2 HPO 4 , 30 mM citric acid, 0.5 % (v/v) triethylamine-adjusted to pH 6.7 with 10 M NaOH). The mobile phase was maintained at a flow rate of 0.2 ml/min, and analytes were detected by their UV absorbance at 260 nm using an ESA Model 520 UV/ VIS detector (Thermo Scientific, Sunnyvale, CA, USA) or a Shimadzu model SPD-20A UV/VIS detector (Shimadzu Scientific Instruments, Columbia, MD, USA).
A ten-port HPLC valve was used in a configuration with a small sample clean-up column (Thermo Scientific BDShypersil-C18, 5 μm, 10×1 mm Javelin), which trapped a late-eluting peak contained in the samples (see Perry and Fuller (1992) for details). When the valve was in the inject position, samples from the sample loop were injected onto the sample clean-up column and then onto the analytical column. When the valve was in the load position, the sample clean-up column was back flushed with mobile phase. When a sample was injected, the valve was in the inject position for 90 s after injection and in the load position for the remainder of the 12-min run time per sample. The same mobile phase was used for both the analytical and clean-up columns. The flow rate for the clean-up column was 0.9 ml/min.
Nicotine and cotinine concentrations were quantified by relating peak areas to those of calibrating nicotine and cotinine standard solutions. Analysis and quantification of chromatograms (peak area) were undertaken using EZChrom Software (Agilent Technologies, Santa Clara, CA, USA).
Statistical analyses
All analyses were performed in the IBM SPSS Statistics package (v. 21), and the level of significance was 0.05. SC nicotine and cotinine data were analyzed by a three-way repeated measures ANOVA (line×dose×time). Subsequently, nicotine and cotinine levels were analyzed by a two-way repeated measures ANOVA (dose×time). One-way repeated measures ANOVAs were used to examine the effect of dose at each time point and the effect of time at each dose. Post hoc tests were used to examine differences between doses on nicotine and cotinine levels and the effects of dose at each time point. A Tukey's post hoc test was used to determine if there were significant changes in nicotine and cotinine levels between time points at a given dose.
Nicotine elimination rates following SC administration were calculated from the linear (pseudo-zero order) portions of the nicotine curves. Nicotine elimination rates, area under the curve (AUC), maximum concentration (Cmax), and time to reach Cmax (Tmax) for the 0.70 mg/kg SC nicotine dose were analyzed by independent t tests.
A two-way repeated measures ANOVA (treatment×time) was used to compare differences in nicotine and cotinine levels for the 15 % EtOH+ 0.35 mg/kg nicotine (15E+ 0.35NIC) and 15 % EtOH +0.70 mg/kg nicotine (15E+ 0.70NIC) IG treatments. After observing a significant effect of time, a Tukey's post hoc test was used to examine differences in nicotine and cotinine levels between different time points. Independent t tests were used to examine differences between treatment conditions on AUC, Cmax, and Tmax for nicotine and cotinine levels. AUC was derived by summing the values over the indicated time-course for each animal.
A two-way repeated measures ANOVA (treatment×time) was used to examine differences between the 15E+0.70NIC and water+0.70 mg/kg nicotine (water+0.70NIC) IG treatments on nicotine and cotinine levels. After observing a significant effect of time, a Tukey's post hoc test was used to examine differences between time points on nicotine and cotinine levels. In addition, after observing a significant treatment×time interaction, independent t tests were employed to examine the effect of treatment at each time point to determine if there were significant differences between 15E+0.70NIC and water+0.70NIC treatments on cotinine levels. After observing a significant effect of time, a Tukey's post hoc test was used to examine the effect of time for each treatment condition on cotinine levels. Independent t tests were used to examine differences between treatments on AUC, Cmax, and Tmax on nicotine and cotinine levels.
Results
SC nicotine administration
The in vitro relative recoveries (probe efficiency) of nicotine and cotinine were 15.1±3.1 and 13.1±1.8 %, respectively. Thus, the levels reported represent a fraction of the extracellular levels of nicotine and cotinine sampled at the time points indicated in these experiments. The reported levels are not corrected for recovery and do not necessarily reflect the intracellular concentrations of these compounds.
Dose and line effects on brain nicotine and cotinine levels were assessed in P and Wistar rats after SC administration of nicotine. A dose-response effect was observed on nicotine concentrations in the NACsh following SC injection of nicotine in P (Fig. 1a) or Wistar (Fig. 1b) rats. A three-way repeated measures ANOVA was performed on nicotine concentrations (ng/ml; line×dose×time). A main effect of time (F 8,34 =23.8; p<0.001), a time×dose interaction (F 16,70 =4.0; p<0.001), no time×line interaction (F 8,34 =2.1; not significant (ns)), and no time×line×dose interaction (F 16,70 =1.2; ns) were observed. Tests of between-subjects effects found a main effect of dose (F 2,41 =40.9; p<0.001), no main effect of line (F 1,41 =1.1; ns), and no line×dose interaction (F 2,41 =0.009; ns). Since a main effect of dose and a dose×time interaction were observed in the three-way ANOVA, planned comparisons were conducted for each line using a two-way repeated measures ANOVA on dose×time. For P rats, this analysis revealed a main effect of time (F 8,15 =18.9; p<0.001), a time×dose interaction (F 16,28 =3.1; p<0.001), and a main effect of dose (F 2,22 =27.2; p<0.001) on nicotine concentrations. The interaction of time×dose allowed for further analysis of the effect of dose at each time point. One-way ANOVAs showed significant effects of dose after nicotine administration for P rats (F>4.7; p<0.05; at each time point). For Wistar rats, the two-way analysis revealed a main effect of time (F 8,12 =14.4; p<0.001), a time×dose interaction (F 16,22 = 6.7; p < 0.001), and a main effect of dose (F 2,19 = 15.6; p<0.001) on nicotine concentrations. The interaction of time×dose allowed for further analysis of the effect of dose at each time point. One-way ANOVAs showed significant effects of dose after nicotine administration for Wistar rats (F>7.1; p<0.05; at each time point up to 95 min). Post hoc tests revealed that from the 20-min time point on, only the 0.7 mg/kg dose was significantly different from the other doses for both strains (up to the 95-min time point for Wistar rats; p<0.05; see Fig. 1a, b) .
The elimination rate of nicotine following the 0.70 mg/kg SC dose did not differ between P and Wistar rats (−4.0±1.0 and −4.3±0.7 ng/ml/15 min, respectively; t(14)=0.21; ns). Furthermore, the AUC (210±26 in P rats; 190±39 in Wistar; t(14) = 0.45; ns), maximal concentration (Cmax; 50.8 ± 4.3 ng/ml in P rats; 53.7±11.8 ng/ml in Wistar; t(14)=−0.26; ns), and time to Cmax (Tmax; 33.3±3.3 min in P rats; 25.7± 2.8 min in Wistar; t(14)=1.7; ns) did not differ between P and Wistar rats for the 0.70 mg/kg SC nicotine dose.
A dose-response effect was observed on cotinine concentrations in the NACsh following SC injection of nicotine in P (Fig. 2a) or Wistar (Fig. 2b) rats. A three-way repeated measures ANOVA was performed on cotinine concentrations (ng/ ml; line×dose×time). A main effect of time (F 8,34 =15.9; p < 0.001) and a time × dose interaction (F 16,70 = 4.7; p<0.001) were found, but no time×line interaction (F 8,34 = 0.9; ns) and no time×line×dose interaction (F 16,70 =1.0; ns) were observed. Tests of between-subjects effects found a main effect of dose (F 2,41 =39.7; p<0.001), but no main effect of line (F 1,41 =2.7; ns) and no line×dose interaction (F 2,41 =1.3; ns). Since a main effect of dose and a dose×time interaction were observed in the three-way ANOVA, planned comparisons were conducted for each line using a two-way repeated measures ANOVA on dose×time. For P rats, this analysis revealed a main effect of time (F 8,17 =13.4; p<0.001), a time×dose interaction (F 16,32 =5.6; p<0.001), and a main effect of dose (F 2,24 =43.9; p<0.001) on cotinine concentrations. The interaction of time× dose allowed for further analysis of the effect of dose at each time point. One-way ANOVAs showed significant effects of dose on cotinine concentrations after nicotine administration for P rats (F> 4.7; p<0.05; at each time point). For Wistar rats, the two-way analysis revealed a main effect of time (F 8,12 =10.0; p<0.001), a time×dose interaction (F 16,22 =3.4; p<0.005), and a main effect of dose (F 2,19 =7.4; p<0.002) on cotinine concentrations. The interaction of time×dose allowed for further analysis of the effect of dose at each time point. One-way ANOVAs showed significant effects of dose after nicotine administration for Wistar rats (F>7.1; p<0.05; at each time point up to 95 min). Post hoc tests revealed that from the 35-min time point on, the 0.7 mg/kg dose was significantly different from at least one of the other doses for both strains at almost every time point (up to 125 min postadministration; p<0.05; see Fig. 2a, b) on cotinine concentrations.
IG nicotine administration
Effects of IG nicotine and nicotine+ethanol on brain nicotine and cotinine levels were assessed in P rats. Significant nicotine concentrations were observed in the NACsh following IG administration of nicotine in P rats (Fig. 3) . A two-way ANOVA, assessing the nicotine dose effect on brain nicotine levels showed that there was a main effect of time on nicotine levels for the 15E + 0.35NIC and 15E+ 0.70NIC groups (F 13,104 =4.1; p<0.05). However, there was no main effect of treatment (F 1,8 = 1.7; ns) and no significant interaction For P rats (a), two-way ANOVA revealed a main effect of time (F 8,15 =18.9; p<0.001), a time×dose interaction (F 16,28 =3.1; p<0.001), and a main effect of dose (F 2,22 = 27.2; p<0.001). The follow-up one-way ANOVAs showed significant effects of dose after nicotine administration for P rats (F>4.7; p<0.05; at each time point), and post hoc tests showed that, from the 20-min time point on, the 0.7 mg/kg dose was significantly different from the other doses. For Wistar rats (b), the two-way analysis revealed a main effect of time (F 8,12 =14.4; p<0.001), a time×dose interaction (F 16,22 =6.7; p<0.001), and a main effect of dose (F 2,19 =15.6; p<0.001). The follow-up one-way ANOVAs showed significant effects of dose after nicotine administration for Wistar rats (F>7.1; p<0.05; at each time point up to 95 min). Post hoc tests revealed that from the 5-min time point on, only the 0.7 mg/kg dose was significantly different from the other doses for both strains (up to the 95 min time point for Wistar rats; p<0.05). *=0.7 significantly different from 0.18 and 0.35 mg/kg doses; +=0.7 significantly different from 0.18 mg/kg; p<0.05 between time and treatment (F 13,104 =1.9; ns) on nicotine levels for the 15E+0.35NIC and 15E+0.70NIC groups. Post hoc tests found significant differences between 0 min and nearly all time points on nicotine levels after IG nicotine. In addition, independent t tests found no significant effects of treatment on maximal concentration (13.2±3.4 ng/ml for 15E+0.35NIC; 25.9±2.8 ng/ml for 15E+0.70NIC) between groups. Brain levels of nicotine and cotinine were compared after IG administration of 0.7 mg/kg in the presence or absence of 15 % ethanol. The results of a two-way ANOVA revealed a main effect of time on nicotine levels for 15E+0.70NIC and water+0.70NIC rats (F 13,156 =8.0; p<0.001). However, there was no main effect of treatment (F 1,12 =0.22; ns) and no significant interaction between time and treatment (F 13,156 = 0.4; ns) on nicotine levels for the 15E+0.70NIC and water+ 0.70NIC groups. Post hoc tests found significant differences between 0 min and almost all time points on nicotine levels after IG nicotine. In addition, independent t tests found no significant effects of treatment on maximal concentrations (20.8±3.6 ng/ml for 15E+0.70NIC; 25.9±2.8 ng/ml for water+0.70NIC) between groups.
Significant cotinine levels were observed in the NACsh 45 min after IG administration of nicotine in P rats (Fig. 4) . For the two-way ANOVA, there was a main effect of time on cotinine levels for 15E+0.35NIC and 15E+0.70NIC groups (F 13,104 =10.0; p<0.001). However, there was no main effect of treatment (F 1,6 =2.4; ns) and no significant interaction between time and treatment (F 13,104 =3.8; ns) on cotinine levels for the 15E+0.35NIC and 15E+0.70NIC rats. Post For P rats (a), the two-way ANOVA revealed a main effect of time (F 8,17 =13.4; p<0.001), a time×dose interaction (F 16,32 =5.6; p<0.001), and a main effect of dose (F 2,24 = 43.9; p<0.001). The follow-up one-way ANOVAs showed significant effects of dose after nicotine administration for P rats (F>4.7; p<0.05; at each time point). For Wistar rats, the two-way analysis revealed a main effect of time (F 8,12 =10.0; p<0.001), a time×dose interaction (F 16,22 = 3.4; p<0.005) , and a main effect of dose (F 2,19 =7.4; p<0.002) on cotinine concentrations. The follow-up one-way ANOVAs showed significant effects of dose after nicotine administration for Wistar rats (F> 7.1; p<0.05; at each time point up to 95 min). Post hoc tests revealed that from the 35-min time point on, the 0.7 mg/kg dose was significantly different from at least one of the other doses for both strains at almost every time point (up to 125 min postadministration; p<0.05). *=0.7 different from 0.18 and 0.35 mg/kg doses; +=0.7 significantly different from 0.18 mg/kg; @=0.35 significantly different from 0.18 mg/kg; p<0.05
hoc tests found significant differences between 0 min and most time points on cotinine levels after IG nicotine (p<0.05). In addition, independent t tests found no significant effects of treatment on maximal concentration (12.5 ± 2.1 ng/ml for 15E+0.35NIC; 17.9±1.8 ng/ml for 15E+ 0.70NIC) between groups. For the two-way ANOVA, there was a main effect of time on cotinine levels for 15E+0.70NIC and water+0.70NIC groups (F 13,156 =20.0; p<0.001). There was also a main effect of treatment (F 1,12 =8.9; p<0.02) and a significant interaction between time and treatment (F 13,156 =3.0; p<0.001) on cotinine levels for the 15E+0.70NIC and water+0.70NIC groups.
The significant interaction between time and treatment allowed for assessment of the effects of treatment on cotinine levels at each collection time point. Independent sample t tests examining the effect of treatment on cotinine levels at each time point found significant differences between treatment conditions at 105, 120, and 135 min (p<0.05).
Post hoc tests examining the effect of time for the 15E+ 0.70NIC treatment condition found significant differences at the 0 versus almost all time points after 75 min on cotinine levels. Post hoc tests examining the effect of time for the water+0.70NIC treatment found significant differences at the 0 versus almost all time points after 45 min on cotinine levels. Independent t tests found significant effects of treatment on maximal concentrations (16.8±1.8 ng/ml 15E+ 0.70NIC; 29.3 ± 4.5 ng/ml water + 0.70NIC) (t(12) = 5.0; p<0.05) of cotinine levels.
Comparison of SC versus IG nicotine administration
Although a direct comparison of SC and IG administration is not possible in this study due to differences in collection time points, some distinct features of each administration are evident. As indicated in Fig. 1 , SC administration of 0.70 mg/kg nicotine resulted in peak extracellular nicotine levels of approximately 50 ng/ml within 20 min of injection, which then declined relatively rapidly. IG nicotine administration also led to significant extracellular concentrations of nicotine in the brain (Fig. 3) , producing a rise to near maximal concentration by 45 min and increasing to the nominal maximal concentration in excess of 20 ng/ml at 90 min postadministration. These differences are likely due to the effects of extensive first-pass metabolism and possible delay of absorption due to the presence of food that is associated with oral routes of nicotine administration (Benowitz et al. 2009 ). In contrast, cotinine levels followed a similar time-course after SC and IG administration (Figs. 2 and 4) .
Discussion
The present findings indicate that both the SC and IG routes of administration produce significant nicotine levels and a gradual escalation of cotinine levels in the central nervous system (CNS). Consistent with the respective routes of administration and differences in first-pass metabolism, the rise in levels was more modest and delayed after IG administration as compared with SC administration. The accumulation of high concentrations of cotinine in the brain, together with its potential pharmacological activity, suggests that cotinine should be examined for its possible involvement in nicotine addiction. No significant strain differences were observed between P and Wistar rats in terms of brain nicotine and cotinine levels after SC nicotine administration. The addition of ethanol to an IGadministered nicotine solution reduced microdialysate levels Water+0.70NIC Fig. 3 Mean (±SEM) concentrations of nicotine (ng/ml) in the NACsh of P rats following intragastric administration of 15 % EtOH+0.35 mg/kg nicotine (15E+0.35NIC; n=4), 15 % EtOH+0.70 mg/kg nicotine (15E+ 0.70NIC; n=6), and water+0.70 mg/kg nicotine (water+0.70NIC; n=8) solutions. A two-way ANOVA found a main effect of time on nicotine levels for 15E+0. 35NIC and 15E+0.70NIC treatments (F 13, 104 =4.1; p<0.05). A two-way ANOVA found a main effect of time on nicotine levels for 15E+0.70NIC and water+0.70NIC treatments (F 13,156 =8.0; p<0.001). However, no main effects of dose or treatment nor interactions with time were observed for nicotine levels (p>0.05) of cotinine collected from the NACsh, indicating that ethanol may attenuate the accumulation of cotinine in the CNS.
Following SC nicotine administration, nicotine concentrations in the brain peaked sharply (within 20 min) and declined rapidly, suggesting that nicotine is rapidly removed from the CNS. In contrast, cotinine concentrations in the brain increased slowly and gradually over the course of the sampling period, indicating that cotinine penetrates the brain slowly and remains in the brain for a longer period of time than nicotine. These findings are consistent with several studies in which ex vivo brain tissue concentrations were analyzed for nicotine and cotinine levels. For example, SC nicotine administration produced a rapid rise in brain nicotine levels and a gradual and prolonged increase in brain cotinine levels in Sprague-Dawley rats (Crooks et al. 1997) , and in a similar study, peak nicotine levels were achieved within 15 to 20 min following SC nicotine administration in Charles River CD rats (Rosecrans and Schechter 1972; Rosecrans 1972) . Although the absolute level of nicotine appears higher in the Wistar versus the P rats at the 5-min time point at the 0.7 mg/kg dose (Fig. 1) , the levels were not statistically different (p>0.05; independent t test). In depth, analyses of the ascending limb of the curve are restricted by the time resolution limits integral to brain microdialysis studies. Additional studies using more rapid sampling techniques may better assess possible strain differences on this metric in systemic tissues. Crooks et al. (1997) found that following SC nicotine, administration of cotinine is able to cross the blood brain barrier (BBB) and access the CNS but is not biotransformed in the brain. Nicotine increased then decreased rapidly in the brain, while cotinine took much longer to reach peak levels in the CNS. Similar results were obtained in rats administered with nicotine or cotinine by various routes of administration (Riah et al. 1998) . Nicotine uptake into the brain is believed to be much more rapid than cotinine due to the relative polarities of the two compounds (Crooks et al. 1997; Riah et al. 1998 ). Peripheral cotinine formed by first-pass metabolism of nicotine may contribute part or all of the brain cotinine observed after SC nicotine (Crooks et al. 1997) . Recent work in humans suggests that the time-course of nicotine in arterial blood appears to reflect brain levels while smoking (Berridge et al. 2010 ). This suggests that brain nicotine may be in equilibrium with arterial nicotine levels and measurement of nicotine in arterial blood may provide an indirect method to monitor brain nicotine levels. Additional studies will be necessary to determine if this relationship is also present with other routes of administration.
The current data indicate that IG nicotine administration produces significant brain levels of nicotine and sustained brain levels of cotinine. These findings suggest that oral selfadministration of nicotine solutions may produce pharmacologically relevant levels of nicotine and cotinine in the brain. IG ethanol and nicotine coadministration resulted in similar brain levels of nicotine but reduced cotinine levels compared with nicotine alone (Figs. 3 and 4) . The time-course changes in brain cotinine levels may be of particular significance since cotinine has been shown to have multiple pharmacological functions including effects on serotonin metabolism (Essman 1973) , the release of brain neurotransmitters, and regulation of enzymes involved in the synthesis of estrogen and testosterone (Fuxe et al. 1979; Barbieri et al. 1986; Yeh et al. 1989; Patterson et al. 1990 ). Cotinine also reduces vascular resistance and blood pressure in animals (Dominiak et al. 1985) . Importantly, cotinine administration to abstinent smokers attenuated the desire to smoke and decreased irritability, restlessness, anxiety, tension, and insomnia associated with nicotine abstinence (Benowitz and Jacob 1993; Keenan et al. 1994) . Thus, brain cotinine levels may play an important role in nicotine use and/or ethanol/nicotine coadministration. The mechanism for the observed effect of ethanol on nicotine pharmacokinetics is unknown. However, several factors could be responsible for the greater brain cotinine levels produced by IG administration of water+0.7NIC compared to 15E+0.7NIC. First, it is possible that ethanol may have decreased the ability of cotinine to pass the blood brain barrier. Ethanol has been shown to modify cellular membrane structure and composition (Gruber et al. 1977; Chin and Goldstein 1977) . Acute and chronic ethanol exposure has also been shown to modify membrane permeability (Isselbacher 1977) and alter brain or tissue distribution of various compounds (Paul and Whitehouse 1977; Hetland and Couri 1974; Seidel 1967; Siemens et al. 1977) . Second, ethanol may have reduced the metabolism of nicotine by the liver. However, this seems unlikely since there was no elevation in brain nicotine levels after 15E+0.7NIC versus water+0.7NIC. Third, it is possible that ethanol may have affected the gastric absorption of nicotine due to the observations indicating that nicotine can apparently affect alcohol absorption with IG administration (Parnell et al. 2006 ). However, this possibility also seems unlikely, since cotinine levels reflect nicotine levels and lower nicotine levels would be expected if ethanol reduced gut absorption of nicotine. Lastly, ethanol may have increased the metabolism and/or clearance of cotinine relative to nicotine. However, the two compounds are largely metabolized by the same enzymes (Hukkanen et al. 2005) reducing the likelihood of a differential effect of ethanol on metabolism. To best address these questions and more fully understand the pharmacokinetics of nicotine after nicotine and ethanol coadministration, additional dose-effect studies examining the arterial plasma concentration of nicotine and cotinine over this same time-course are indicated.
The use of females in this study adds an additional factor to consider in evaluating the results. Females have been shown to have increased metabolism of nicotine as compared to males (Benowitz et al. 2006 (Benowitz et al. , 2009 , and to date, few studies have examined the interaction of sex and EtOH coadministration on the time-course of extracellular nicotine and cotinine levels in the brain. Thus, caution should be used when comparing data generated in the current study with data from male rats. In summary, the overall results of this study indicate that nicotine can be readily detected in the NACsh following IG administration, indicating that consumption of nicotine-laced drinks will produce pharmacologically active levels of nicotine in the brain. In addition, administration of nicotine produces elevated levels of cotinine in the brain, which persist long after nicotine levels in the brain have returned to baseline. The persisting levels of cotinine in the brain coupled with its potential pharmacological activity support the idea that this metabolite may have a role in the development and/or maintenance of nicotine addiction.
